Dopaminergic midbrain (DA) neurons display two principal activity patterns in vivo, single-spike and burst firing, the latter coding for reward-related events. We have shown recently that the small-conductance calcium-activated potassium channel SK3 controls pacemaker frequency and precision in DA neurons of the substantia nigra (SN), and previous studies have implicated SK channels in the transition to burst firing. To identify the upstream calcium sources for SK channel activation in DA SN neurons, we studied the sensitivity of SK channelmediated afterhyperpolarization (AHP) currents to inhibitors of different types of voltage-gated calcium channels in perforated patch-clamp recordings. Cobalt-sensitive AHP currents were not affected by L-type and P/Q-type calcium channel inhibitors and were reduced slightly (26%) by the N-type channel inhibitor -conotoxin-GVIA. In contrast, AHP currents were blocked substantially (85-94%) by micromolar concentrations of nickel (IC 50 , 33.75 M) and mibefradil (IC 50 , 4.83 M), indistinguishable from the nickel and mibefradil sensitivities of T-type calcium currents (IC 50 values, 33.86 and 4.59 M, respectively). These results indicate that SK channels are activated selectively via T-type calcium channels in DA SN neurons. Consequently, SK currents displayed use-dependent inactivation with similar time constants when compared with those of T-type calcium currents and generated a transient rebound inhibition. Both SK and T-type channels were essential for the stability of spontaneous pacemaker activity, and, in some DA SN neurons, T-type channel inhibition was sufficient to induce intrinsic burst firing. The functional coupling of SK to T-type channels has important implications for the temporal integration of synaptic input and might help to understand how DA neurons switch between pacemaker and burst-firing modes in vivo.
Dopaminergic midbrain (DA) neurons are important for voluntary movement, cognition, and reward and are implicated in major disorders such as schizophrenia and Parkinson's disease (Dunnett and Bjorklund, 1999; Goldman-Rakic, 1999; Carlsson et al., 2000; Wise, 2000) . In vivo, DA neurons show two principal patterns of activity: they either fire in regular or irregular singlespike mode or discharge bursts of action potentials (Wilson et al., 1977; Grace and Bunney, 1984a,b; Sanghera et al., 1984; Freeman et al., 1985) . Burst-firing episodes code for the unpredicted rewarding aspects of environmental stimuli and thus might constitute a mechanism for reward-based learning (Schultz, 2000; Reynolds et al., 2001) . During burst firing, dopamine release is increased phasically in striatal (Gonon and Buda, 1985) and cortical (Bean and Roth, 1991) target areas of DA neurons, whereas tonic release during pacemaker firing controls the background of dopamine levels that, among other functions, regulates the intensity of the phasic burst-firing signal (Grace, 1991; Overton and Clark, 1997) . Because changes in the degree and/or pattern of dopamine signaling have been implicated in the pathophysiology of Parkinson's disease and schizophrenia (Dunnett and Bjorklund, 1999; Grace, 2000; Svensson, 2000) , it is critical to understand better the cellular mechanisms that control the transition between pacemaker and burst firing in DA neurons.
Unlike thalamic neurons (Huguenard, 1998) , DA neurons show only pacemaker spiking and no spontaneous burst firing in in vitro preparations (Sanghera et al., 1984; Kita et al., 1986; Grace and Onn, 1989; Wolfart et al., 2001) . Thus, it generally is assumed that a particular type of synaptic activity, which is present only in vivo, is necessary for DA neurons to switch into burst mode. In this context NMDA receptor activation (Johnson et al., 1992) , GABA A receptor-mediated disinhibitory processes (Paladini and Tepper, 1999) , and modulation of postsynaptic conductances (Kitai et al., 1999) have been proposed as candidate mechanisms. In particular, apamin-sensitive, small-conductance, calciumactivated potassium (SK) channels (Blatz and Magleby, 1987; Kohler et al., 1996; Sah, 1996) have been reported to facilitate synaptically mediated burst induction (Seutin et al., 1993; Johnson and Seutin, 1997) or, in some cases, to be sufficient to induce bursting in vitro Bunney, 1988, 1991; Gu et al., 1992; Ping and Shepard, 1996) . Furthermore, we have shown recently that SK3 channels control the frequency and precision of pacemaker spiking in DA neurons of the substantia nigra (SN), but not in a subpopulation of DA neurons in the ventral tegmental area (Wolfart et al., 2001) .
SK channels form a signaling complex with calmodulin as a calcium detector, and channel opening depends solely on submembrane changes of the intracellular calcium concentration (Xia et al., 1998) . All major classes of voltage-gated calcium (Ca v ) channels (Nowycky et al., 1985; Llinas et al., 1989; Ertel et al., 2000) are present in DA SN cells (Kang and Kitai, 1993b; Stea et al., 1994; Williams et al., 1994; Cardozo and Bean, 1995; Craig et al., 1999; Talley et al., 1999; Takada et al., 2001 ) and could, in principle, contribute to SK channel activation. However, preferential coupling of SK channels to particular Ca v channels has been reported to be present in other neurons (Wisgirda and Dryer, 1994; Marrion and Tavalin, 1998; Sah and Davies, 2000; Bowden et al., 2001 ). In addition, calcium signals generated by Ca v channels might be amplified by secondary calcium release from intracellular stores, which also has been shown to activate SK channels in various cell types (Yoshizaki et al., 1995; Davies et al., 1996; Tanabe et al., 1998; Cordoba-Rodriguez et al., 1999) . Indeed, in DA neurons SK channels can be activated by intracellular calcium release evoked via metabotropic glutamate receptors (Morikawa et al., 2000; Seutin et al., 2000) . Because there is increasing evidence that the functional pool of SK channels in DA neurons controls pacemaker stability and potentially is involved in the still elusive burst transition Bunney, 1988, 1991; Gu et al., 1992; Ping and Shepard, 1996; Wolfart et al., 2001) , in the present study we aimed to characterize the upstream regulation of SK channel activity in DA SN neurons.
MATERIALS AND METHODS
Slice preparation. Procedures involving animals were conducted in accordance with the Animals (Scientific Procedures) Act, 1986 (UK) and with the Society for Neuroscience policy on the use of animals in research. C57BL /6J mice (Charles River, Margate, UK ; 10 -14 postnatal d old) were killed by cervical dislocation. Brains were removed quickly, immersed in ice-cold artificial C SF (AC SF), and then blocked for sectioning. Thin (250 m) coronal midbrain slices were collected with a Vibroslice (C ampden Instruments, L ondon, UK) in ice-cold AC SF containing (in mM) 125 NaC l, 25 NaHC O 3 , 2.5 KC l, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 2 MgC l 2 , and 25 glucose, oxygenated with a mixture of 95% O 2 /5% C O 2 . After sectioning, midbrain slices were maintained submerged in oxygenated AC SF and were allowed to recover for Ͼ30 min before the experiment. Midbrain slices containing a clearly defined substantia nigra pars compacta (SN) at the level of the rostral interpeduncularis nucleus and the caudal mamillary nucleus were used for the experiments.
Electrophysiolog ical recordings. For patch-clamp recordings the midbrain slices were transferred to a recording chamber and perf used continuously at 2-4 ml /min with oxygenated AC SF at room temperature (22-24°C, except see below). Recordings were made from SN neurons visualized by infrared differential interference contrast video microscopy with a Newvicon camera (C2400; Hamamatsu, Hamamatsu C ity, Japan) mounted to an upright microscope (Axioskop FS; Z eiss, Oberkochen, Germany). Records were digitized at 2-5 kHz and low-pass filtered before acquisition (Bessel characteristic of 1 kHz cutoff frequency). Patch pipettes were pulled from borosilicate glass (GC150TF/ F; Harvard Apparatus, UK) with tip resistances between 2 and 5 M⍀ when filled with patch solution. For perforated patch-clamp recordings the patch pipettes were tip filled with a solution containing (in mM) 140 K MeSO 4 , 5 KC l, 10 H EPES, 0.1 EGTA, and 2 MgC l 2 , pH 7.35, and backfilled with the same solution containing amphotericin B (0.4 mg /ml). For currentand hybrid-clamp (Pennefather et al., 1985) recordings the perforated whole-cell configuration was used (except see below). After G⍀ seal formation the perforation was monitored until a stable level of action potential (AP) amplitudes was reached. To elicit and record afterhyperpolarization (AHP) currents under voltage-clamp conditions, we used short (20 msec) unclamped ("hybrid") depolarizations (from Ϫ10 to ϩ100 mV; holding and recording potential, Ϫ60 mV). For the AHP current recordings shown in Figure 3A , the conditions described previously were used (Wolfart et al., 2001) . Current-clamp recordings were conducted either at 22-24°C or at 36-37°C, and no difference in spiking pattern was found, except that AP frequencies were increased (see Table  1 ). Therefore, data recorded in both temperatures were pooled for the apamin plus nickel treatment shown in Figure 5 . For extracellular local (Ͻ50 m) application of drugs, the cells were perf used at a flow rate of 50 -100 l /min under visual control with the use of a quartz pipette (inner tip diameter, 0.25 mm) attached to a second manipulator and a syringe pump system (World Precision Instruments, Sarasota, FL) . Switching between control and drug-containing solutions was controlled by an automated application system (AutoMate Scientific, Oakland, CA). The application solution for perforated patch recordings contained (in mM) 145 NaC l, 2.5 KC l, 10 H EPES, 2 C aC l 2 , 2 MgC l 2 , and 25 glucose plus 50 M picrotoxin and 50 M kynurenic acid, pH 7.4. For the recording of low voltage-activated calcium (LVA) currents the standard whole-cell configuration was used, and patch pipettes were filled with a solution containing (in mM) 140 TEA-C l, 10 H EPES, 10 EGTA, and 2 MgC l, pH 7.35. Uncompensated series resistances were 8 -20 M⍀ in recordings for kinetic analysis. Dopaminergic SN neurons were identified by their characteristic low frequency firing by using either the cellattached or the whole-cell patch-clamp configuration. The application solution for LVA calcium current recordings contained (in mM) 145 TEA-Cl, 2.5 CsCl, 10 HEPES, 2 CaCl 2 , 2 MgCl 2 , 25 glucose, and 4 4-aminopyridine plus (in M) 50 picrotoxin, 50 kynurenic acid, 0.5 tetrodotoxin, 10 nifedipine, and 10 nM -conotoxin-GVIA. The holding potential was Ϫ100 mV, and the test pulse for drug applications was Ϫ50 mV. No leak subtraction was used in these recordings. The steady-state membrane potential of half-maximal activation (V 1 ⁄2 act ) was determined by 1-sec-long voltage steps (5 mV) from Ϫ80 to Ϫ30 mV from a holding potential of Ϫ100 mV. The steady-state membrane potential of half-maximal inactivation (V 1 ⁄2 inact ) was determined by a 3-sec-long conditioning voltage step from Ϫ120 to Ϫ40 mV and a test pulse to Ϫ50 mV. The tail current protocol used to characterize deactivation contained a prepulse pulse to Ϫ50 mV and test potentials from Ϫ120 to Ϫ80 mV. Lipophilic substances (cyclopiazonic acid, amphotericin, picrotoxin, kynurenic acid, and nifedipine) were dissolved in DMSO and diluted 1:1000 to final concentrations. Nifedipine, -conotoxin-GVIA, agatoxin-TK, FTX-3.3, and cyclopiazonic acid were obtained from Alomone Labs (Jerusalem, Israel). Mibefradil was a gift from Roche (Basel, Switzerland). All other substances were obtained from Sigma (Dorset, UK). The EPC-9 patch-clamp amplifier and program package PULSEϩPULSEFIT (HEKA Electronics, Lambrecht, Germany) were used for data acquisition.
Data anal ysis. For analysis and plotting, the software IgorPro (WaveMetrics, Lake Oswego, OR) was used. Time constants of AHP and LVA current inactivation were determined by fitting mono-or doubleexponential f unctions to 1-to 5-sec-long current traces, respectively. Steady-state activation and inactivation parameters were obtained by fitting Boltzmann f unctions to the data. Coefficients of variation (C Vs) were obtained by dividing the SD of the interspike interval (ISI) distribution (fit to a Gaussian f unction) by the mean ISI and expressed as a percentage. Drug sensitivities of AHP currents were determined as the average response of three to five steady-state traces in comparison to the average control amplitudes (3-5 traces). Drug sensitivities of transient LVA currents were determined either as above (stable recordings) or by prediction of rundown via linear regression fits (LVA currents with linear rundown kinetics). To determine the dose -response relationships for nickel and mibefradil as well as the degrees of residual drug-insensitive components, we fit the respective mean data to Hill equations. For spiking pattern analysis a burst detecting algorithm was programmed that compared all ISIs of a 5-min-long recording trace with its mean spiking rate and detected the coincidence of a short ISI (Ͻ0.5 ϫ mean rate) with a long ISI (Ͼ1.25 ϫ mean rate) within two to seven consecutive spikes and marked it as a "burst" (Grace and Bunney, 1984b) . Intervals within the burst were validated additionally by a Poisson surprise mechanism that compared ISIs with the Poisson distribution of all ISIs of a recording (Legendy and Salcman, 1985) . Spikes within bursts were summed up and normalized to the total number of spikes in the trace (bursting in percentage values). The outcome of the burst analysis was optimized until only unambiguous burst-firing patterns resulted in values above 75% bursting and thus were well separated from irregular firing with occasional burst-like events. AHP current traces (see Figs. 1-3) represent averages from three to five filtered (300 Hz) traces. To evaluate statistical significance (‫ء‬p Ͻ 0.05; ‫‪p‬ءء‬ Ͻ 0.05; ‫‪p‬ءءء‬ Ͻ 0.0005), we subjected the data to paired or unpaired Student's t tests in Microsoft E xcel. Numbers, symbols, and columns with error bars represent means Ϯ SEM.
RESULTS

SK channel-mediated AHP currents are activated preferentially by calcium channels with high nickel and mibefradil sensitivities
DA neurons recorded in the SN showed slow pacemaker firing (1-3.5 Hz) with single APs followed by large AHPs, consistent with our previous recordings from tyrosine hydroxylaseimmunopositive SN cells (Wolfart et al., 2001 ) and the biophysical fingerprint of DA SN neurons (Grace and Onn, 1989; Richards et al., 1997) . Similar to our previous study, SK-mediated AHP currents were evoked by hybrid-clamp depolarizations (Wolfart et al., 2001) , using the perforated patch-clamp configuration to preserve physiological calcium handling. AHP currents evoked by 20 msec hybrid pulses to approximate single APs were small sized ( Fig. 1 ; 27 Ϯ 1.8 pA; range, 9 -80 pA; n ϭ 58) but stable throughout the experiment and decayed monoexponentially with a time constant of 75-208 msec (123 Ϯ 4 msec; n ϭ 58). As shown previously, these AHP currents were inhibited by the bee venom toxin apamin, which is a selective blocker of SK channels (Blatz and Magleby, 1987; Kohler et al., 1996; Wolfart et al., 2001 ) (residual current in 300 nM apamin, 12 Ϯ 3%; n ϭ 8; data not shown). In contrast, slow AHPs after 5-sec-long depolarizations (to mean potentials between Ϫ15 and ϩ6 mV) that included multiple APs were not affected by 300 nM apamin (n ϭ 6; data not shown).
We used a panel of established selective and nonselective inhibitors of Ca v channels to define which of the different types (L-, P/Q-, N-, R-, and T-type) of neuronal Ca v channels were involved in SK channel activation (Nowycky et al., 1985; Llinas et al., 1989; Zhang et al., 1993; Tsien et al., 1995; Randall, 1998; Miller, 2001) . AHP currents evoked by 20 msec hybrid pulses were inhibited by 1 mM cobalt ( Fig. 1 A-D; residual current, 29 Ϯ 4%; n ϭ 29), indicating that activation of Ca v channels is essential for the recruitment of SK channels in DA SN neurons. Consistent with our previous results (Wolfart et al., 2001) , the presence of a residual cobalt-insensitive AHP current suggests that a minor part of the AHP current is independent of hybrid pulse-mediated calcium influx via voltage-activated calcium channels. To focus on the role of voltage-activated calcium influx for SK channel activation, we normalized the effects of Ca v inhibitors to the cobaltsensitive component of the AHP current amplitude in each individual experiment. Nickel is an nonselective inhibitor of calcium channels, but transient low voltage-activated (LVA) T-type (Perez-Reyes et al., 1998; Perchenet et al., 2000) and high voltageactivated (HVA) R-type (Soong et al., 1993; Schneider et al., 1994) Ca v channels are particularly sensitive (IC 50 , Ͻ50 M), whereas other HVA Ca v channels (L-, P/Q-, and N-type) are less sensitive (IC 50 , Ͼ90 M) (Zhang et al., 1993; Randall, 1998) . Figure 1 A shows a recording of hybrid-evoked AHP currents during control and nickel (100 M) application and subsequent cobalt (1 mM) application. The main component of the cobaltsensitive AHP current was blocked by low micromolar concentrations of nickel. Most of the AHP current was also sensitive to mibefradil (Fig. 1 E; 10 M), a drug that inhibits T-type calcium (1 M) had no effect on I-AHPs. E, The summary of experiments in A-D shows that cobalt-sensitive I-AHPs were activated preferentially via calcium channels sensitive to low micromolar nickel (100 M; 85 Ϯ 9%; n ϭ 13; ‫‪p‬ءءء‬ Ͻ 0.0005) and mibefradil (mib; 10 M; 94 Ϯ 10%; n ϭ 6; ‫‪p‬ءء‬ Ͻ 0.005), whereas only a small component was sensitive to 1 M -conotoxin-GVIA (cono; 26 Ϯ 3%; n ϭ 4; ‫‪p‬ءء‬ Ͻ 0.005). Nifedipine (nif; 10 M) did not affect I-AHPs (residual current, 102 Ϯ 6%; n ϭ 6; p Ͼ 0.05). Similarly, 1 M FTX-3.3 (FTX; residual current, 97 Ϯ 5%; n ϭ 5; p Ͼ 0.05) and 0.1 M agatoxin-TK (aga; residual current, 101 Ϯ 1%; n ϭ 3; p Ͼ 0.05) had no effect on I-AHPs. Current amplitudes were normalized to cobalt-sensitive I-AHP in each individual experiment except for mibefradil, in which the mean value of cobalt block was used (1 mM; residual current, 29 Ϯ 4%; n ϭ 29). Calibration: A-D, 0.2 sec, 10 pA. channels in low micromolar concentrations (Martin et al., 2000; Perchenet et al., 2000) . Thus, cobalt-sensitive AHP currents were blocked almost completely either by 100 M nickel (Fig. 1 E; residual current, 15 Ϯ 4%; n ϭ 13) or 10 M mibefradil (Fig. 1 E; residual current, 6 Ϯ 10%; n ϭ 6). In contrast, the snail toxin -conotoxin-GVIA (ctx-GVIA; 1 M), an N-type calcium channel inhibitor (Williams et al., 1992a; Randall, 1998) , reduced the AHP current only to a small degree (Fig. 1 B,E ; residual current, 77 Ϯ 2%; residual cobalt-sensitive current, 74 Ϯ 3%; n ϭ 4), indicating a possible minor role for N-type channels in SK channel activation. AHP currents were completely unaffected by 10 M nifedipine, a dihydropyridine that inhibits L-type channels (Tanabe et al., 1987; Williams et al., 1992b; Randall, 1998) (Fig.  1C ,E; residual current, 102 Ϯ 6%; n ϭ 6). Previous studies have shown that nifedipine indeed does inhibit L-type currents and affects AP discharge or high voltage-activated depolarizations in DA neurons (Kang and Kitai, 1993a,b; Nedergaard et al., 1993; Mercuri et al., 1994; Cardozo and Bean, 1995; Ping and Shepard, 1999; Shepard and Stump, 1999) . Funnel web spider toxins that block P/Q-type channels (Mori et al., 1991; Randall, 1998) , such as FTX-3.3 (Dupere et al., 1996) (Fig. 1 D,E ; 1 M; residual current, 97 Ϯ 5%; n ϭ 5), as well as agatoxin-TK (Teramoto et al., 1993 ) also had no effect on AHP currents (Fig. 1 E; residual current, 101 Ϯ 1%; n ϭ 3).
Because there is evidence that receptor-mediated calcium release from intracellular stores activates SK channels in DA neurons (Morikawa et al., 2000; Seutin et al., 2000) and other types of cells (Yoshizaki et al., 1995; Davies et al., 1996; Tanabe et al., 1998; Cordoba-Rodriguez et al., 1999) , we assessed the contribution of calcium released from intracellular stores to AHP currents evoked by hybrid pulse-mediated activation of plasmalemmal Ca v channels. Cyclopiazonic acid (CPA; 10 M), an agent used to block intracellular calcium release by inhibiting endoplasmatic reticulum calcium ATPases (Taylor and Broad, 1998) , reduced AHP currents by 77 Ϯ 7% (n ϭ 4; data not shown). Thus the inhibition of intracellular calcium release and the inhibition of Ca v channels reduced AHP currents to a similar degree. These results suggest that intracellular calcium release acts downstream of plasmalemmal Ca v channels and amplifies their calcium signal. In summary, our data demonstrate a selective role for calcium channels with high nickel and mibefradil sensitivity in SK channel activation in DA SN neurons.
SK channel-mediated AHP currents and T-type calcium channels possess almost identical nickel and mibefradil sensitivities in DA SN neurons
The pharmacological profile of AHP currents indicated that T-type Ca v channels might be the primary calcium source for SK channel activation after an action potential. Consequently, T-type calcium currents should possess similar nickel and mibefradil sensitivities compared with those of SK currents. To elicit T-type currents, we applied voltage step protocols from hyperpolarized holding potentials in the standard whole-cell configuration while blocking other calcium and potassium channels (see Materials and Methods). These protocols elicited typical LVA T-type calcium currents (Figs. 2C,D, 3B ) (Kang and Kitai, 1993b; PerezReyes et al., 1998 ) that activated at negative membrane potentials (rise time, 23.3 Ϯ 0.9 msec, n ϭ 51; V 1 ⁄2 act , Ϫ56.3 mV, slope ϭ 4.9, n ϭ 18; V 1 ⁄2 inact , Ϫ78.3 mV, slope ϭ 5.3, n ϭ 12; data not shown), had amplitudes in the range of 50 -750 pA (268 Ϯ 23 pA; n ϭ 51), and inactivated with major fast (45.0 Ϯ 2.0 msec; n ϭ 51) and minor slow time constants (30.0 Ϯ 2.6%; 242 Ϯ 14 msec; n ϭ 51). Deactivation time constants were in the range of 4 -7 msec, as determined by tail current protocols (Ϫ120 mV, 4.7 Ϯ 0.6 msec; Ϫ100 mV, 5.9 Ϯ 0.6 mV; Ϫ80 mV, 7.0 Ϯ 0.9 msec; n ϭ 9; data not shown) (see Materials and Methods). These results are consistent with the transient LVA calcium currents previously reported in rat DA neurons (Kang and Kitai, 1993b ) and the biophysical properties of native and recombinant T-type channels (Huguenard, 1996; Perez-Reyes et al., 1998; Lee et al., 1999; McRory et al., 2001 ).
The mean dose-response relationship for nickel inhibition was almost identical between AHP currents (Fig. 2 A; IC 50 , 33.75 M; Hill coefficient, 1.30; n ϭ 19) and T-type currents ( Fig. 2C ; IC 50 , 33.86 M; Hill coefficient, 0.85; n ϭ 16). Likewise, the mean dose-response curve for mibefradil inhibition was also very similar between AHP currents (Fig. 2 B; IC 50 , 4.83 M; Hill coefficient, 2.16; n ϭ 10) and T-type currents (Fig. 2 D; IC 50 , 4.59; Hill coefficient, 2.27; n ϭ 14). The fitted nickel-or mibefradilinsensitive components of the AHP current (Fig. 2 A,B , dotted line; nickel, 42%; mibefradil, 20%) were in a range comparable with the cobalt-insensitive AHP current component (29 Ϯ 4%; Fig. 1 ). This suggests that most of the flux through Ca v channels involved in SK channel activation was indeed nickel-and mibefradil-sensitive. The pharmacological profile of AHP currents was not sufficient to rule out a contribution of R-type calcium channels. However, the striking similarity of quantitative nickel and mibefradil sensitivities between biophysically identified native T-type currents and AHP currents strongly suggests that T-type calcium channels are coupled selectively to SK channels in DA SN neurons.
SK currents closely follow the temporal profile of T-type currents
One predicted consequence of the functional coupling of SK channels to T-type channels was that SK currents should follow the characteristic gating behavior of T-type channels such as use-dependent inactivation (Huguenard, 1996; Perez-Reyes et al., 1998) . In agreement with this prediction, we noted that hybridclamp-evoked AHP currents showed a use-dependent inactivation when successive voltage steps were applied (Fig. 3A) . In contrast, apamin-sensitive AHP currents in SN neurons with an electrophysiological profile typical of GABAergic neurons (Richards et al., 1997; Liss et al., 1999) did not exhibit this use dependency (first/sixth AHP amplitude, 0.93 Ϯ 0.04; n ϭ 15; data not shown). Use-dependent inactivation is a typical feature of channels that possess inactivation gating, including T-type channels (Huguenard, 1996; Perez-Reyes et al., 1998 ), but has not been reported to be an intrinsic property of SK channels (Kohler et al., 1996; Xia et al., 1998; Hirschberg et al., 1999) . Accordingly, SK channels can be activated tonically in DA SN neurons by 1-EBIO (Ͼ0.5 mM), a compound that increases the open probability of SK channels (Xia et al., 1998) , inducing long-lasting hyperpolarizations (Wolfart et al., 2001 ). We tested usedependent inactivation of AHP and T-type currents by eliciting Figure 3 . Use-dependent inactivation of SK and T-type currents displayed similar kinetics. A, AHP currents (I-AHPs) evoked with hybrid-clamp depolarizations (100 msec, ϩ60 mV) at a frequency of 1 Hz by using the standard whole-cell configuration (recording potential, Ϫ80 mV). Successive AHP currents decreased, reaching a steady-state level at 38% of the initial amplitude. The time constant of cumulative inactivation was 1.26 sec. B, Recording of T-type-mediated low voltage-activated calcium currents (I-LVA; see Results) evoked by the same voltage pulse protocol as in A, using the standard whole-cell configuration and calcium channel recording solutions. Successive activation at 1 Hz led to a decrease of I-LVAs, reaching a steady-state level of 42%. The time constant of use-dependent inactivation was 0.77 sec. C, Perforated current-clamp recording of a train of APs evoked by injections of 10 pA for 4 sec from a hyperpolarized membrane potential of Ϫ80 mV. At the onset of depolarization the AHPs were large but decreased with successive APs. Application of nickel (250 M) decreased the AHP amplitudes and abolished the effect of cumulative inactivation. Note that the control rate of cumulative AHP inactivation ( ϭ 1.10 sec) was similar to the time constants determined for I-AHPs and I-LVAs. D, Time constants () of cumulative inactivation determined by experiments in A and B. LVA and AHP currents both had cumulative inactivation time constants in the range of 1 sec: I-LVA, 0.80 Ϯ 0.07 sec (n ϭ 10); I-AHP, 0.98 Ϯ 0.06 sec (n ϭ 10; p Ͼ 0.05). E, The summary of experiments in D shows that AHPs were reduced twofold under control conditions (2.0 Ϯ 0.1; n ϭ 8), whereas the effect was abolished by nickel application (1.1 Ϯ 0.1; n ϭ 8; ‫‪p‬ءءء‬ Ͻ 0.0005). Calibration: A, 0.5 sec, 50 pA; B, 0.5 sec, 200 pA; C, 0.5 sec, 10 mV. trains of step potentials (holding potential, Ϫ80 mV; 100 msec pulses to ϩ60 mV at 1 Hz) in both AHP and T-type current recording conditions (see Materials and Methods). The time constants of use-dependent inactivation for AHP and T-type currents were not significantly different [AHP current (Fig.  3A,D) : 0.98 Ϯ 0.06 sec, n ϭ 10; T-type (Fig. 3B,D) : 0.80 Ϯ 0.07 sec, n ϭ 10; p Ͼ 0.05]. We studied the functional implications of this cumulative inactivation for the temporal integration of neuronal activity by using perforated patch-clamp recordings in current-clamp mode (Fig. 3C) . Consistent with our voltage-clamp data, AHP amplitudes cumulatively decreased in response to prolonged positive current injections from hyperpolarized membrane potentials. This cumulative decrease of AHP amplitudes had similar time constants when compared with those of AHP currents and T-type currents ( Fig. 3C; 1 .08 Ϯ 0.12 sec, n ϭ 8; p Ͼ 0.05) and was blocked by nickel ( Fig. 3C,E ; initial/steady-state AHP: control, 2.0 Ϯ 0.1, n ϭ 8; 250 M nickel, 1.1 Ϯ 0.1, n ϭ 8; p Ͻ 0.0005). Thus in DA SN neurons the SK currents inactivated cumulatively in a physiologically relevant frequency range and closely followed the inactivation kinetics of their major upstream calcium source, the T-type calcium channel. This affects the rebound behavior of DA SN neurons because the functional coupling of T-type to SK channels generates a transient rebound inhibition.
The functional coupling of T-type and SK channels maintains pacemaker precision in DA SN neurons
Next we studied whether the functional coupling of T-type channels to SK channels is operative during spontaneous pacemaker activity. In particular, we were interested in how the functional pairing of T-type and SK channels is involved in the regulation of pacemaker spiking, because we have shown previously that pacemaker frequency and precision strongly depend on SK channel activity in DA SN neurons (Wolfart et al., 2001) . To quantify the role of T-type channels in pacemaker precision, we analyzed the CV of ISIs during continuous perforated patch-clamp recordings in the current-clamp configuration (Fig. 4) . Consistent with previous studies, pacemaker spiking was highly precise at 22-24°C (Fig. 4 A,D ; CV, 14 Ϯ 2%, n ϭ 11) (Wolfart et al., 2001 ) and at 36 -37°C (14 Ϯ 1%, n ϭ 15; p Ͼ 0.4; data not shown) (Shepard and Bunney, 1988) . Application of 100 M nickel slowed the spiking frequency (control: 2.13 Ϯ 0.14 Hz, n ϭ 11; nickel: 1.79 Ϯ 0.19 Hz, n ϭ 11; p Ͻ 0.005) and rendered the pacemaker more irregular (Fig. 4 B,D ; CV, 27 Ϯ 5%, n ϭ 11; p Ͻ 0.005) in such a way that was similar to the effect of apamin application on spiking regularity ( Fig. 4C,D ; CV, 26 Ϯ 4%, n ϭ 11; p Ͻ 0.005). Thus, inhibition of T-type and SK channels reduced the precision of the intrinsic pacemaker to a similar extent ( p Ͼ 0.8), demonstrating that T-type channels are the essential calcium source for SK channels also during spontaneous pacemaker activity in DA SN neurons.
Coupling of T-type and SK channels prevents intrinsic burst firing in DA SN neurons
T-type currents are known to promote bursting in many central neurons (Huguenard, 1996 (Huguenard, , 1998 . However, the present results indicate that, in DA SN neurons, T-type channels might have an opposite role because of their functional coupling to SK channels. As shown in Figure 4 , the activity of T-type channels stabilizes single-spike pacemaker firing. Indeed, application of 100 M nickel alone led to an unequivocal burst-like pattern in a minor subset (3 of 27) of DA SN neurons recorded via the perforated patch-clamp technique ( Fig. 5B; see Table 1 for comparison of burst parameters with those described in the literature). The bursting pattern consisted mainly of AP doublet bursts (range, 2-6; mean, 2.3 Ϯ 0.1 APs/burst; mean intra-burst interval, 151 Ϯ 5 msec) followed by prolonged, large hyperpolarizations (mean inter-burst interval, 2.39 Ϯ 0.31 sec), which were not inhibited by the additional application of 300 nM apamin (n ϭ 2; data not shown). A comparable switch in spiking pattern was never observed during apamin application in this study nor in our previous 10-min-long perforated patch recordings in apamin (Wolfart et al., 2001) . As described by Grace and Bunney (1984b) , the degree Figure 4 . Nickel-sensitive T-type and apamin-sensitive SK channels maintained the high precision of pacemaker spiking in dopaminergic neurons. A-C, Perforated current-clamp recordings during control ( A), 100 M nickel ( B), and 300 nM apamin ( C) application. Left panels show a 4 sec recording trace representative of a 5 min recording for each condition. Interspike interval (ISI ) frequency distributions are displayed in the right panels for each recording. As a measure of pacemaker precision the coefficient of variation (CV ) was calculated from the Gaussian fit of ISI histograms. APs were truncated at Ϫ20 mV. A, During control conditions pacemaker spiking was relatively regular, with a CV of 15%. B, Application of 100 M nickel reversibly rendered pacemaker spiking to be more irregular (CV of 38%). C, Application of 300 nM apamin did increase the irregularity of pacemaker spiking to a similar degree (CV of 35%). D, The summary of experiments in A-C shows that nickel (100 M) and apamin (300 nM) decreased the pacemaker precision ‫‪p‬ءء(‬ Ͻ 0.005, respectively) to a similar extent ( p Ͼ 0.8). Mean CVs: control, 14 Ϯ 2% (n ϭ 11); nickel, 27 Ϯ 5% (n ϭ 11); apamin, 26 Ϯ 4% (n ϭ 11). Calibration: A-C, 0.5 sec, 10 mV. Dotted line in A-C, Ϫ50 mV.
of bursting was quantified as APs involved in bursts per treatment (percentage of bursting; see Materials and Methods). No significant degree of bursting was detected in control and apamin recordings in this study ( Fig. 5D ; control: 0% bursting, n ϭ 30; 300 nM apamin: 3 Ϯ 2%, n ϭ 19) as well as in recordings of previously published data (control: 0% bursting, n ϭ 11; 300 nM apamin: 5 Ϯ 3% bursting, n ϭ 10; data not shown) (Wolfart et al., 2001) . In contrast, 100 M nickel was sufficient to increase the mean bursting values significantly ( Fig. 5D ; 12 Ϯ 7% bursting, n ϭ 27; p Ͻ 0.05) and, indeed, induced robust bursting (Ͼ84% bursting) in three cells. Most effective in the induction of bursting was the combination of T-type and SK channel inhibition. It strongly increased the degree of bursting ( Fig. 5D ; 34 Ϯ 10%, n ϭ 16; p Ͻ 0.0005) and induced robust bursting in five cells (Ͼ86% bursting).
We also noted that the degree of bursting was predicted by the degree of pacemaker precision under control conditions. Cells that fired in bursts after nickel (100 M) or after nickel and apamin (300 nM) application had significantly higher control CV values ( Fig. 5E ; 25 Ϯ 4%, n ϭ 6) compared with cells that fired irregularly only with the inhibition of T-type channels or T-type and SK channels ( Fig. 5E ; 14 Ϯ 1%, n ϭ 22; p Ͻ 0.0005). In summary, T-type calcium channels stabilized pacemaker firing and in addition prevented the switch to an intrinsic burst-firing mode in DA SN neurons.
DISCUSSION
On the basis of our pharmacological and biophysical analysis of AHP and T-type currents, we conclude that SK channels are activated almost exclusively via T-type channels in mouse DA SN neurons. Although various subtypes of Ca v channels are known to be present at the mRNA (Soong et al., 1993; Stea et al., 1994; Craig et al., 1999; Talley et al., 1999) , protein (Williams et al., 1994; Craig et al., 1999; Takada et al., 2001) , and functional levels (Kang and Kitai, 1993a; Nedergaard et al., 1993; Mercuri et al., 1994; Cardozo and Bean, 1995; Ping and Shepard, 1999; Shepard and Stump, 1999) , SK currents were not affected by established L-type and P/Q-type channel blockers (Zhang et al., 1993; Tsien et al., 1995; Randall, 1998; Miller, 2001) . In contrast, between 85 and 94% of SK currents activated by voltage-activated calcium influx were blocked selectively in a dose-dependent manner by Figure 5 . Inhibition of T-type channels evoked bursting in a subpopulation of dopaminergic midbrain neurons. A-C, Perforated current-clamp recordings during control ( A), nickel ( B), and washout ( C) conditions. A 20 sec recording trace representative of a 5 min recording is shown for each condition. As a measure of pacemaker precision the coefficient of variation (CV) was calculated from Gaussian fits of ISI histograms (insets). A, No bursting (0%) was detected during control application. Note that this neuron showed pacemaker spiking at the lower end of firing precision (CV of 20%; compare with Fig. 4) . B, Application of 100 M 4 nickel switched the firing pattern from pacemaker to bursting, with two to three closely spaced APs alternating with long inter-burst intervals. C, With the washout of nickel the firing pattern returned to (irregular) pacemaker spiking. D, Firing patterns during perforated patch-clamp recordings were assessed by a burst evaluation program (spikes/burst per trace ϭ bursting in percentage values; e.g., 85% bursting for the recording shown in B). Under control conditions the bursting value was 0% (n ϭ 30). Application of 300 nM apamin did not change the bursting value (3 Ϯ 2%; n ϭ 19) significantly, although one cell showed an increased value (45%) because of short periods of "burst-like" pattern. Inhibition of T-type channels with 100 M nickel significantly increased the bursting value to 12 Ϯ 6% (n ϭ 27; p Ͻ 0.05), and three cells displayed bursting values above 84%. The combination of nickel and apamin application (niϩapa) was most effective in switching from pacemaker to bursting behavior, increasing the mean bursting value to 34 Ϯ 10% (n ϭ 16; p Ͻ 0.0005), with five neurons reaching bursting values of Ͼ86%. E, Differential effects of T-type channel inhibition on firing patterns were associated to pacemaker precision under control conditions. Control CV values were correlated with the effect of nickel and apamin application on firing patterns of respective cells. Neurons that were converted to bursting had significantly higher CV values (25 Ϯ 4%; n ϭ 6) compared with cells that became irregular with nickel (or nickel ϩ apamin) application (14 Ϯ 1%; n ϭ 22; ‫‪p‬ءءء‬ Ͻ 0.0005). Calibration: A-C, 1 sec, 10 mV. Dotted lines in A-C, Ϫ50 mV. Dotted line in D, 75% bursting. nickel and mibefradil, respectively, in a concentration range that is likely to block T-type channels (Martin et al., 2000; Perchenet et al., 2000) . Although we cannot exclude a minor role for N-type channels in SK channel activation, the reversible inhibition by -conotoxin-GVIA also might be an effect on native T-type channels (McCleskey et al., 1987) . Although nickel and mibefradil also have been reported to affect HVA R-type channels (Bezprozvanny and Tsien, 1995; Randall and Tsien, 1997) , the identical quantitative pharmacological profiles of SK and biophysically identified T-type currents, as well as their very similar use-dependent inactivation, strongly suggest that T-type channels constitute the selective calcium source for SK channel activation in DA SN neurons. In comparison to previous studies in other cell types (Wisgirda and Dryer, 1994; Davies et al., 1996; Marrion and Tavalin, 1998; Tanabe et al., 1998; Sah and Davies, 2000; Shah and Haylett, 2000; Bowden et al., 2001) , this selective coupling of SK to T-type channels in SN DA neurons appears to be unique and might have important functional implications.
During phasic activation from relatively hyperpolarized membrane potentials, T-type channel activation does not lead to rebound excitation, as seen in thalamocortical neurons (Huguenard, 1996 (Huguenard, , 1998 . Instead, T-type channel function is inverted by activating SK channels, thereby generating a transient rebound inhibition. The coupling of SK channels to T-type channel gating might explain why SK channels do not contribute to frequency adaptation in DA SN neurons (Shepard and Bunney, 1991) , which is an important function of SK channels in many other types of neurons (Sah, 1996; Bond et al., 1999; Sah and Davies, 2000) . Similar to sino-atrial pacemaker cells (Hagiwara et al., 1988; Huser et al., 2000) , T-type channels in DA SN neurons were active during spontaneous pacemaker activity. Our data provide evidence that the functional pairing of T-type and SK channels maintains the precision and stability of the single-spike pacemaker. Previous studies have showed that the inhibition of SK channels alone can induce intrinsic bursting in rat DA neurons recorded in vitro Bunney, 1988, 1991; Gu et al., 1992; Ping and Shepard, 1996) . We did not detect robust bursting in apamin alone, but bursting occurrence in most previous studies was low (Ͻ50% of neurons), and other studies also have failed to evoke intrinsic bursting by SK channel inhibition alone (Seutin et al., 1993; Johnson and Seutin, 1997) . In marked contrast to the role of T-type channels in other types of neurons (Huguenard, 1996 (Huguenard, , 1998 , the inhibition of T-type channels alone switched the firing pattern of some DA SN neurons to an intrinsic burst-firing mode. Thus in DA SN neurons the role of T-type channels corresponds to that described for SK channels alone Bunney, 1988, 1991; Gu et al., 1992; Ping and Shepard, 1996) , because T-type currents are translated into SK currents by their functional coupling. Although burst firing was not evoked by SK channel inhibition alone, burst occurrence was increased significantly when SK channels were blocked in addition to T-type channels. This indicates that the burst switch is regulated by several converging conductances as suggested by a recent burstmodeling study (Goldman et al., 2001) .
Our results support the notion that DA SN neurons possess an intrinsic bursting mechanism (Shepard and Bunney, 1988 ) that might be "unmasked" synaptically (Kitai et al., 1999) and sustained by a combination of intrinsic and synaptic mechanisms (Johnson et al., 1992; Kitai et al., 1999; Paladini and Tepper, 1999) . Differences between in vivo bursting (Grace and Bunney, 1984b) and in vitro bursting induced by NMDA (Johnson et al., 1992) , apamin (Shepard and Bunney, 1991) , and/or nickel further suggest that a combination of intrinsic and synaptic mechanisms is responsible for the transition from pacemaker to burst firing in DA SN neurons in vivo (see Table 1 ).
We can only speculate about the molecular organization of the functional coupling between SK and T-type channels. We have reported previously that hybrid pulse-evoked AHP currents are reduced significantly by millimolar concentrations (10 mM) of the slow calcium buffer EGTA, arguing against a very close spatial coupling of T-type and SK channels in DA neurons (Wolfart et al., 2001) . This is in contrast to the tight spatial coupling of SK channels to nicotinic acetylcholine receptors in outer hair cells (Ͻ10 nm) (Oliver et al., 2000) . Our results also show that release from intracellular stores significantly amplifies the calcium signal for SK channel activation. As described previously for other cell types (Yoshizaki et al., 1995; Tanabe et al., 1998; CordobaRodriguez et al., 1999; Huser et al., 2000) , our data suggest that T-type channel-mediated calcium influx during pacemaker firing acts as a "calcium spark," triggering secondary calcium-induced calcium release that subsequently activates SK channels in DA SN neurons. We did not detect SK channel activation during nickelinduced bursting or after long depolarizations, conditions that are likely to lead to the recruitment of HVA calcium channels in DA neurons (Kang and Kitai, 1993b; Nedergaard et al., 1993; Mercuri et al., 1994; Cardozo and Bean, 1995) . Consequently, we hypothesize that T-type channels, calcium stores, and SK channels might be colocalized selectively, possibly forming a specialized calcium signaling complex (Marrion and Tavalin, 1998; Husi et al., 2000; Bowden et al., 2001 ) in DA neurons. This functional signaling complex could provide a new framework for the temporal integration of synaptic input in DA SN neurons, which might help us to understand how and why DA neurons switch between pacemaker and burst-firing mode in vivo, thus contributing to rewardbased learning (Schultz, 2000; Reynolds et al., 2001 ).
